Drosophila endocytosis-defective cells develop tumour overgrowths in the imaginal discs. We have analysed the tumorigenic potential of cells mutant for Rab5, a gene involved in endocytosis. We found that while a compartment entirely made by Rab5 mutant cells can grow indefinitely, clones of Rab5 cells surrounded by normal cells are eliminated by cell competition. However, when a group of about 400 cells are simultaneously made mutant for Rab5, they form an overgrowing tumour: mutant cells in the periphery are eliminated, but those inside survive and continue proliferating because they are beyond the range of cell competition. These results identify group protection as a mechanism to evade the tumour-suppressing function of cell competition in Drosophila. Furthermore, we find that the growth of the tumour depends to a large extent on the presence of apoptosis inside the tumour: cells doubly mutant for Rab5 and the proapoptotic gene dronc do not form overgrowing tumours. These results suggest that the apoptosis caused by cell competition acts as a tumour-stimulating factor, bringing about high levels of Jun N-terminal kinase and subsequently Wg/Dpp signalling and high proliferation levels in the growing tumour. We conclude that under these circumstances cell competition facilitates the progression of the tumour, thus reversing its normal antitumour role.
INTRODUCTION
Mutations in a group of genes of Drosophila, collectively called tumour-suppressing genes (TSG), are associated with tumorigenesis. These genes are involved in different cellular processes, like apicobasal polarity (lethal giant larvae, scribble, disc large), cell proliferation (TSC1/2, Hippo) and endocytic pathways (avalanche, Rab5, vps25, erupted). [1] [2] [3] [4] Endocytosis has recently acquired relevance because of its roles in controlling several cellular processes like the establishment of morphogen gradients 5 or the activation/inhibition of proliferation pathways. 2, 6, 7 It has been shown that imaginal discs or compartments that are mutant for avalanche, vps25, erupted or Rab5 develop tumorous overgrowths. 2, 3, 8, 9 This contrasts with the behaviour of mutant clones, which are eliminated by apoptosis when surrounded by non-mutant tissue. 4, 8, 9 This is a recurrent finding, also reported for other TSGs like scribble (scrib) or lethal giant larvae (lgl): mutant discs or compartments develop overgrowths but clones of mutant cells are eliminated. [10] [11] [12] [13] The fact that mutant cells are viable when surrounded by other mutant cells but unviable if surrounded by wild-type cells indicates that their elimination is a context-dependent phenomenon triggered by cell-cell interactions. This strongly suggests that the cell competition mechanism 14 is involved in the removal of mutant cells. Nevertheless, when lgl or scrib mutant clones contain constitutive expression of the Ras pathway (provided by the ras V12 construct 15 ), they survive and generate tumorous overgrowths. [10] [11] [12] 16 This suggested that the high metabolic and growth rates and the resistance to apoptosis of cells conferred by elevated levels of the Ras activity 17 allow the cells to confront cell competition, thus promoting tumorigenesis.
However, a detailed study of the behaviour of wing discs containing different densities of fast growing lgl À ras V12 clones 12 indicated that in spite of their proliferation advantage, the great majority of these clones are also eliminated by cell competition. Only discs containing numerous clones developed invasive tumours. On the basis of those results, we proposed that lgl (and scrib) mutant cells form a tumour only if they generate a microenvironment that protects them from cell competition. 12 In discs containing numerous clones, the probability of clone merging is high, thus forming large mutant patches. Under these circumstances, cells inside the patch would be protected from cell competition, which is a short-range phenomenon. 18, 19 In discs with low density of clones, the probability of clone merging is low and consequently very few tumours develop.
We have used tumorous cells deficient for Rab5 function to test the microenvironment hypothesis and also to study the functional connections between apoptosis, cell competition and tumour development. We found that the entire wing compartments composed of Rab5 mutant cells develop large overgrowths, but individual Rab5 À clones suffer cell competition and are eliminated. However, when a group of about 400 cells is made simultaneously defective for Rab5 function, many of the cells survive and develop a tumour. This result strongly supports the notion that growing tumours require a protective microenvironment to escape cell competition. In addition, we also found that once a tumour is growing, the apoptosis caused by cell competition contributes to growth by inducing high levels of JNK and subsequent Dpp/Wg signalling. Thus, under these conditions cell competition reverses its normal antitumour role and functions as a tumour-stimulating factor. The link between tumour growth and apoptosis may have important clinical implications as many anticancer treatments are based on their ability to induce apoptosis of tumorous cells. Figure S1) . We validated the results obtained with Rab5 KD using the conventional Rab5 2 allele and another double-stranded RNA interference line (see Material and Methods).
RESULTS

Compartments entirely made of
We have investigated the tumorigenic potential of Rab5-defective cells in posterior compartments entirely made of Rab5 KD cells and also inducing clones of mutant Rab5 KD clones surrounded by non-mutant cells. The experimental protocol is similar to that reported for the study of the tumorigenesis of lgl mutant cells. 12 Because these results are mainly confirmatory of previous work, 4, 8, 9, 12 we describe them in Supplementary Information.
The principal results are as follows: (1) Rab5 KD posterior compartments grow approximately at the same rate as the controls, but unlike these they continue growing indefinitely, as long as the larva is alive. Because the larvae suffer a considerable developmental delay, the Rab5 KD posterior compartments can reach a very large size (Supplementary Figures S2b-e) . This ability to grow indefinitely is a principal tumorigenic feature. It is of interest that in spite of their overgrowth, these compartments contain numerous cells in apoptosis (Supplementary Figures S2b
KD clones surrounded by non-mutant cells are able to grow normally up to 48 h after clone initiation, but afterwards the cells enter apoptosis and the great majority of the clones disappear or are reduced to a very small size ( Supplementary  Figures S3a and b) . The cells in apoptosis localise preferentially at the clone borders ( Supplementary Figures S3c and d) , suggesting that apoptosis is triggered by short-range interactions with nonmutant cells. In addition, these clones show upregulation of Jun N-terminal kinase (JNK) pathway activity (Supplementary Figure  S3e) . These results strongly suggest that the Rab5 KD clones are eliminated by cell competition. (3) The Rab5 KD clones are eliminated by JNK-mediated apoptosis even if they are given the proliferation advantage and the resistance to apoptosis conferred by the constitutive expression of the Ras pathway 17 (Supplementary Figure S4a) . In contrast, when there are numerous Rab5 KD ras V12 clones in the disc, they can develop invasive tumours, in spite of the fact that they contain many cells in apoptosis ( Supplementary Figures S4b-d) . It suggests that their survival and tumorigenic potential dependence is facilitated by a merging process by which several clones fuse together to form a large patch. These patches still show cells in apoptosis, especially in the borders (Supplementary Figure S4b) , but they generate a microenvironment that protects inner cells of the patch from cell competition. As a result, the mutant patch can continue growing to develop an invasive tumour.
There are two major points that emerge from the preceding experiments, one is the suggestion that in order to evade cell competition and form a tumour Rab5 KD cells have to develop a protective microenvironment, and the second is the intriguing observation that in spite of the ability of Rab5 KD cell populations to overgrow, many Rab5 KD cells die by apoptosis. In the following experiments, we test the microenvironment hypothesis and also the role of the apoptosis in the growth of the tumours.
Simultaneous transformation of a large group of cells permits survival and tumour formation by Rab5 KD cells
One way to test the microenvironment hypothesis would be to change simultaneously the genotype of a sufficiently large group of cells within a compartment. The rationale is that only the cells of the periphery of the group would die by cell competition (it is a short-range phenomenon), thus allowing cells to continue growing in the inner region and to form a tumour. We tested this idea with the following experiment. The key tool is the temperature-sensitive Gal4-dominant suppressor Gal80 TS .
The sal
EPv -Gal4 line defines a particular region of the wing pouch, 20 which covers approximately 1/6 of the entire disc ( Figure 1a ). This line can be used to drive expression of the UASRab5
KD construct so that all the cells of the domain would become defective in Rab5 function simultaneously. In the larvae of genotype sal
EPv -Gal4 UAS-GFP; UAS-Rab5 KD /Gal80 TS , a change of temperature from 17 1C (permissive for Gal80 TS ) to 291C (restrictive) allows sal
EPv -Gal4 to function, thereby forcing UASRab5 KD activity (Figure 1b) . This method permits a manipulation of Rab5 activity by shifting from 17 to 29 1C or vice versa. As a rule, the temperature shift was given at the beginning of the third larval period (days 7-8 of development at 17 1C, see details in Materials and methods). Figure 1 ). This borderrestricted apoptosis after 48 h is the visualisation of cell competition functioning at the interface between normal and mutant cells. It is not observed in the 24 h discs because cell competition takes longer than 24 h to manifest. 14, 21 We have estimated the number of cells of the sal EPv domain at the time of the temperature shift. In the mature disc, it covers about 16% of the disc surface. As the entire disc contains 31 000 cells, 19 the sal EPv domain has about 5000 cells. During the third larval period, the disc cells perform 3.5 cell divisions; 22 thus, at the time of the temperature shift the disc would have 2600 cells, of which approximately 415 would constitute the sal EPv domain. This number of cells appears to be sufficient to provide a protective environment. and phospho-histone 3 (PH3). There is an increase of BrdU incorporation in the transformed domain, especially after 48 h past the temperature shift. The increase is especially intense in the border of the domains and coincides with the zone of elevated apoptosis caused by cell competition (Figure 2b ). Examination at high magnification of these regions showed that BrdU-positive cells are often adjacent, or very close, to dying Caspase-3-labelled cells (Figure 2c) . Furthermore, the increase of cell proliferation affects predominantly to cells located outside the sal EPv domain (Figure 2d ).
Growth of the tumorous
These observations raised the unanticipated possibility that cells in apoptosis might be contributing to the growth of the tumour. To test this hypothesis, we designed an experiment to analyse whether the suppression of apoptosis interferes with the growth of the transformed domain. To abolish apoptosis, we compromised the function of the proapoptotic gene dronc. In dronc mutants apoptosis is greatly reduced. 23, 24 In our experiments, we interfered with dronc activity by RNA interference (see Materials and Methods).
The results are illustrated in Figure 3 . (Figures 3a and c) . This decrease in proliferation prevents the overgrowth of the mutant sal EPv Rab5 KD domain (see Figure 5g) .
The preceding results indicate that the local apoptosis generated in the transformed tumours has a tumour-stimulating function. A possible mechanism to explain this phenomenon is based on the property of apoptotic cells in releasing proliferative signals such as Dpp and Wg. [25] [26] [27] Those signals have been shown to be responsible for the hyperplasic overgrowths associated with apoptotic-undead cells and are induced by the activity of the JNK pathway. 28, 29 We therefore studied the activity levels and the role of JNK and Wg/Dpp signalling pathways in the tumorous transformation associated with Rab5 -cells. To monitor JNK activity, we examined the expression of the targets puckered (puc), using a puc-LacZ insert, 30 and metalloprotease 1 (Mmp1). 31 The result is shown in Figure 4 : in contrast with control discs (Figures 4a and b) , the transformed sal EPv domain exhibits high levels of JNK activity (Figures 4e and f) . dpp and wg activities were assayed by in situ hybridisation and by antigen staining, respectively. The alterations found for dpp are modest and can be described as a broadening of the normal expression in the region corresponding to the sal EPv domain (Figure 4g ), but wg expression is massively upregulated (Figure 4h ). ; p WT-72 h ¼ 1.98E À 10 . *Pp0.05 and **Pp0.01.
Role of cell competition in tumorigenesis L Ballesteros-Arias et al
We next tested whether the alterations in JNK and dpp/wg expression and the overgrowth of the sal
EPv
4Rab5
KD domain depends on the presence of apoptosis in the domain ( Figure 5 ).
We find that the abolition of apoptosis in sal EPv 4Rab5 KD dronc KD discs causes a clear reduction of JNK activity ( Figure 5a ) and a normalisation of dpp and wg expression in the mutant domain Role of cell competition in tumorigenesis L Ballesteros-Arias et al (Figures 5b and c) . As there is evidence that the upregulation of dpp/wg in apoptotic cells is mediated by JNK, 29 we examined the effect of JNK suppression on their expression. The overexpression of the negative regulator puc is known to suppress the activity of the pathway. In sal EPv 4Rab5 KD UAS-puc 14C discs, the expression of dpp and wg appears almost normal (Figures 5e and f) .
Finally, we tested the requirement for tumour growth of apoptosis and JNK activity. genotypes clearly demonstrates that the loss of apoptosis or of JNK prevents the overgrowth of the mutant tissue (Figure 5g ). Considered together, all the preceding experiments establish that apoptosis has a major role on the development of the Rab5 tumours. There is a first step in which the JNK pathway is activated, followed by derepression of the Dpp/Wg pathways, which are likely responsible for the overgrowths.
DISCUSSION
Rab5-defective cells are capable of indefinite proliferation, but are eliminated by cell competition We have analysed the tumorigenic potential of cells defective in Rab5 function, a gene encoding a small GTPase necessary for cargo delivery into the early endosomes during clathrin-mediated endocytosis. It has been reported that this defect is associated with overproliferation and the formation of neoplastic tumours. growth (Supplementary Figure S2) , albeit to a normal rate. We have reported a similar observation for lgl mutant compartments. 12 Interestingly, this growth is compatible with high levels of apoptosis within the mutant cell population (see below).
In spite of their ability to overgrow, oncogenic Rab5 À cells die by JNK-mediated apoptosis when surrounded by non-mutant cells, suggesting that as in other TSG mutant cells, [10] [11] [12] they die by cell competition (Supplementary Figure S3) . The elimination of Rab5 À cells occurs even if they have proliferation/metabolic advantage provided by constitutive expression of the Ras pathway (Supplementary Figure S4) . The idea that there is a mechanism to remove oncogenic cells is not unreasonable considering the large number of genes in Drosophila and in vertebrates 32 whose mutations cause oncogenic transformations. The appearance of somatic mutations for any of these genes during development must be a common occurrence, calling for an effective mechanism to recognise and eliminate malignant cells.
The development of a Rab5
KD tumour requires the formation of a protective environment to escape cell competition We previously suggested 12 that a mechanism by which tumour cells may form an invasive tumour would be to create a protective microenvironment to evade cell competition. This hypothesis receives strong support from the experiments reported here in which the entire sal EPv domain is transformed from normal (Rab5 þ ) to tumorous (Rab5
. At the time of the transformation, the sal
EPv domain contains about 400 cells, and this number appears to be sufficient for the group to survive and grow. It is worth pointing out that in the sal EPv 4 Rab5 KD experiment, the Rab5 KD cells do not have constitutive activity of the Ras pathway (usually provided by the ras V12 transgene in this type of experiment) and therefore do not have proliferation or metabolic advantage.
The protective microenvironment hypothesis is also supported by the localisation of apoptosis in the borders of the growing tumour (Figures 1d and e) . It is the expected result if cell competition is involved because it is at the borders where the competitive interactions between normal and Rab5 À cells occur. As cell competition acts over short distance, the inner cells are not exposed to it, although some of them suffer apoptosis due to the defect on endocytosis. The peripheral apoptosis does not appear immediately after the transformation; it takes more than 24 h after the temperature shift. This result is consistent with the involvement of cell competition, known to manifest after 24 h of the genetic change. 12, 21 The role of apoptosis/cell competition and the JNK pathway in the overgrowth of Rab5 KD tissue
The analysis of the growth of the transformed sal EPv domain yielded an unexpected result: the ability of the Rab5 KD tissue to overgrow, its principal tumorigenic feature, is dependent on the presence of Rab5 KD cells undergoing apoptosis. The first indication was the observation that cells in division in the tumour border appear very frequently adjacent to dying cells (Figures 2b and d) , suggesting the existence of proliferative stimuli emanating from apoptotic cells. The apoptosis-dependent proliferation is demonstrated by our finding that inhibiting apoptosis in the sal EPv domain of sal EPv 4Rab5 KD prevents its overgrowth ( Figure 5) . The question is then how apoptosis, normally considered as a powerful antitumour mechanism, 33 promotes tumour growth. However, results from Drosophila and other organisms indicate that apoptotic cells secrete proliferative signals and these signals may facilitate tumour growth. Drosophila imaginal cells in apoptosis release the growth signals Dpp and Wg, [25] [26] [27] which are responsible for the overgrowths generated by apoptotic cells. 28 More recently, studies on the cnidarian Hydra 34 have shown that the additional proliferation required for head regeneration after amputation requires Wnt signalling, which emanates from apoptotic cells close to the border of the cut. Finally, recent work in mammalian apoptotic cells indicates that they release the growth factor prostaglandin E(2), which is required for wound healing and tissue regeneration in the mouse. Moreover, Huang et al. 35 have demonstrated the ability of lethally irradiated tumour cells to induce extraproliferation of neighbour non-treated tumour cells, both in vivo and in vitro. They further show that the growth induction requires caspase activity and is mediated by prostaglandin E (2) .
We show that JNK activity, known to induce Dpp and Wg expression, 36 is essential for the growth of the tumours ( Figure 5 ). Thus, we believe that Dpp and Wg signalling from apoptotic cells is likely responsible for the overgrowth of the Rab5 KD tumours. In the transformed sal EPv domain much of the apoptosis (Figures 1d and e, also Supplementary Figure S3c and d) localises to the tumour borders and is caused by cell competition. Consequently, the borders become zones of high proliferation (Figures 2b and d) , which are largely responsible for the growth of the tumour. The proliferative signals affect non-tumour cells located outside the sal EPv domain that may contribute to further growth by penetrating into the domain, where they become apoptotic and release more proliferative signals. It is easy to imagine that this process may function by continuously incorporating new cells into the tumour. Under these circumstances, cell competition reverses its normal role as tumour suppressor and instead stimulates tumour growth. This reversal in the function of cell competition may also occur in tumours generated by mutations in other TSGs, which cause high levels of apoptosis in the affected cells. 4, 12, 37 The sal EPv 4 Rab5 KD experiment exemplifies a situation in which a zone of persistent damage located in a normal tissue may eventually generate a tumour. We do not know whether similar situations may occur in vertebrates, but it is known that chronic ulcers like those produced by infections of Helicobacter pylori are associated with gastric carcinoma. 38 One possibility is that the persistent cellular stress generated under those or similar circumstances may result in elevated levels of apoptotic signalling that in turn may lead to hyperproliferation.
MATERIALS AND METHODS
Mutations, Gal4 and UAS lines
Fly stocks were obtained from the Bloomington Stock Center (Bloomington, IN, US), except where indicated. To interfere with Rab5 activity in most of the experiments, we used the double-stranded RNA line (ID 34096; Vienna Drosophila RNAi Center (VDRC), Vienna, Austria) to which we refer to as Rab5 KD . The overexpression of Rab5 KD inhibits Rab5 activity as indicated by Dextran accumulation (Supplementary Figure S1) , a sign of endocytosis defect. The Rab5 2 -null allele (a gift from David Bilder, Berkeley, CA, USA) and another double-stranded RNA line (ID 30518) were used to validate the results obtained with Rab5 KD . The UAS-ras V12 insert was used to induce constitutive expression of the Ras pathway. 15 To block apoptosis, we used the UAS-dronc-RNAi (ID 23035) from the VDRC, referred to as dronc KD , and to inhibit the JNK pathway, we used the UAS-puc 14C line. 39 The sal EPv -Gal4 UAS-GFP/CyO stock is a gift from José de Celis (CBMSO, Madrid, Spain); the sal EPv -Gal4 line drives expression in the wing blade domain defined by the spalt gene promoter region that responds to dpp. 20 The hhGal4 12 line drives gene expression in the posterior compartments.
Generating Rab5 KD and Rab5 KD ras V12 clones
We used the MARCM system to generate clones overexpressing Rab5 KD . Females of genotype yw hsFlp122 tub-Gal4 UAS-GFP; tub-Gal80 FRT40A/CyO were crossed to yw; arm-lacZ FRT40A/CyO; UAS-Rab5 KD /TM6B males; F1 larvae were given a heat shock to induce Flp-mediated mitotic recombination. To induce Rab5 KD clones that also contain ras V12 activity, we crossed females of the genotype of the preceding cross to yw; arm-lacZ FRT40A/CyO; UAS-Rab5 KD , UAS-ras V12 /TM6B males. To check the activity of the JNK pathway in the clones, we crossed yw hsFlp 122 tub-Gal4 UAS-GFP; tub-Gal80 FRT40A/CyO; puc-LacZ/TM6B females to ck FRT40A/CyO; UAS-Rab5 KD /TM6B males. Marked clones were examined for the activity Generating Rab5 KD posterior compartments
We crossed hh-Gal4/TM6B females to ubi-Gal80 TS ; UAS-Rab5 KD /TM6B males to transform the posterior compartment from normal to Rab5 mutant when desired. The temperature shifts were made at different time points, from the 5th to the 8th day after egg laying, and the discs were fixed 1-3 days after the treatment.
Discs treatment, immunohistochemistry and in situ hybridisation
Imaginal discs were dissected and fixed as described in Menendez et al.
12
The antibodies were diluted in washing buffer (1% bovine serum albumin in phosphate-buffered saline and Triton 3%). The primary antibodies used were rabbit anti-cleaved Caspase-3(1:50; Cell Signaling Technology, Danvers, MA, USA), mouse anti-b-galactosidase (1:50; Developmental Studies Hybridoma Bank, Iowa city, IA, USA), rabbit anti-phospho-histone 3 (1:100; Millipore, Billerica, MA, USA), mouse anti-Wg (1:50; Developmental Studies Hybridoma Bank), mouse anti-Mmp1 (1:50; Developmental Studies Hybridoma Bank) and rabbit anti-GFP (1:300; Invitrogen, Carlsbad, CA, USA). Secondary antibodies were purchased from Invitrogen. For the BrdU detection, we used the BrdU labelling kit from Sigma (St Louis, MO, USA). To check endocytic activity, we stained with Texas Red-Dextran (lysine fixable, MW3000; Molecular Probes, Eugene, OR, USA) as described in Torroja et al., 40 with a 10 min pulse and a 1-h chase time. Samples were mounted in Vectashield (Vectors Labs, Burlingame, CA, USA) and imaged in Leica TCS SPE (Leica Microsystems, Wetzler, Germany) and Zeiss LSM510 Confocal Microscope (Oberkochen, Germany).
The double antibody staining/in situ hybridisation was performed as described in Shlevkov and Morata. 36 These samples were mounted in glycerol and imaged in a Zeiss LSM510 Meta Confocal Microscope. Image processing and analysis were performed with Photoshop CS4 (Adobe Systems, San Jose, CA, USA) and ImageJ programs (NIH, Bethesda, MD, USA).
Statistical analysis
Quantifications and statistical analysis have been made as follows. To compare the Z-view size of the Rab5 KD posterior (P) compartments to the control anterior (A) compartments, the areas were quantified using Photoshop CS4. The P/A ratio was obtained for all discs and the average per time point was calculated using Microsoft Office Excel 2007. The standard deviation of the n samples was calculated to estimate the standard error. We used the two-tailed Student's t-test type 3. In the histogram (Supplementary Figure S2e) , the means and standard error bars are included.
To compare the Z-view size of the sal domains to wild type, the area of the domain and the total wing disc was quantified using Photoshop CS4 for each case. The percentage occupied by the domain was obtained in all cases and the mean calculated. The statistical analyses and the histograms (Figures 1f  and 5g) , which also include the means and the standard error bars, were similar to those previously described. In all cases, the sample size (n) and the P-value are described in the figure legends.
